Bamboo represents the only major lineage of grasses that is native to forests and is one of the most important nontimber forest products in the world. However, no species in the Bambusoideae subfamily has been sequenced. Here, we report a high-quality draft genome sequence of moso bamboo (P. heterocycla var. pubescens). The 2.05-Gb assembly covers 95% of the genomic region. Gene prediction modeling identified 31,987 genes, most of which are supported by cDNA and deep RNA sequencing data. Analyses of clustered gene families and gene collinearity show that bamboo underwent whole-genome duplication 7-12 million years ago. Identification of gene families that are key in cell wall biosynthesis suggests that the whole-genome duplication event generated more gene duplicates involved in bamboo shoot development. RNA sequencing analysis of bamboo flowering tissues suggests a potential connection between droughtresponsive and flowering genes.
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Bamboo represents the only major lineage of grasses that is native to forests and is one of the most important nontimber forest products in the world. However, no species in the Bambusoideae subfamily has been sequenced. Here, we report a high-quality draft genome sequence of moso bamboo (P. heterocycla var. pubescens). The 2.05-Gb assembly covers 95% of the genomic region. Gene prediction modeling identified 31,987 genes, most of which are supported by cDNA and deep RNA sequencing data. Analyses of clustered gene families and gene collinearity show that bamboo underwent whole-genome duplication 7-12 million years ago. Identification of gene families that are key in cell wall biosynthesis suggests that the whole-genome duplication event generated more gene duplicates involved in bamboo shoot development. RNA sequencing analysis of bamboo flowering tissues suggests a potential connection between droughtresponsive and flowering genes.
Bamboo is one of the most important non-timber forest products in the world. About 2.5 billion people depend economically on bamboo, and international trade in bamboo amounts to over 2.5 billion US dollars per year 1 . Bamboo has a rather striking life history, characterized by a prolonged vegetative phase lasting decades before flowering, thereby inhibiting genetic improvement. Recent genomic studies in bamboo have included genome-wide full-length cDNA sequencing 2 , chloroplast genome sequencing 3 , identification of syntenic genes between bamboo and other grasses 4 and phylogenetic analysis of Bambusoideae subspecies 5 . Fifty-nine simple sequence repeat markers from rice and sugarcane were used in the genetic diversity analyses of 23 bamboo species 6 , and 2 species-specific sequence-characterized amplified region markers were developed in the identification of different bamboo species 7 .
Here, we report the draft genome of moso bamboo, a large woody bamboo that has ecological, economic and cultural value in Asia and accounts for ~70% of the total bamboo growth area. Comparative genome-wide analyses of bamboo to other grass species, including rice, maize and sorghum, yielded new genetic insights into the rapid and marked phenotypic and ecological divergence of bamboo and closely related grasses.
The moso bamboo genome contains 24 pairs of chromosomes 8 (2n = 48) and is characteristic of a diploid (Supplementary Fig. 1a ). We conducted a flow cytometry analysis and estimated that it had a genome size of 2.075 Gb (2C = 4.24 pg; Supplementary Fig. 1b) , which was very close to that estimated in a previous report 9 .
Because it is difficult to generate an inbred line of moso bamboo, owing to its infrequent sexual reproduction and the long periods of time between flowering intervals, we selected five plants from a single individual rhizome of the moso bamboo ecotype (P. heterocycla var. pubescens) and performed whole-genome shotgun sequencing. We generated 295 Gb of raw sequence data (approximately 147-fold coverage), including Illumina short reads and 10,327 pairs of BAC end sequences (Supplementary Table 1a ). The final assembly of 2.05 Gb was generated using the de novo Phusion-meta assembly pipeline that was developed in this study (Supplementary Fig. 2 ). The N50 length of the assembled scaffolds was over 328 kb, and about 80% of the assembly mapped to 5,499 scaffolds of greater than 62 kb in length ( Table 1 and Supplementary Table 1b) . The scaffolds assembled using the Phusion-meta assembly method were much longer in length than the scaffolds generated using the SOAPdenovo program 10 (Fig. 1a and Supplementary Table 1c) . Given the presence of small fragments in the assembly, the estimated size of the moso bamboo genome was approximately 2.07 to 2.10 Gb, which was supported by the analysis of the distribution of 51-mer frequencies (Supplementary Fig. 3) . Hence, the final scaffolds of 2.05 Gb and initial contigs of 1.86 Gb covered approximately 95% and 88% of the genomic region, respectively. Sequence comparison of the assembled scaffolds to existing cDNA and survey sequences in the database and eight BAC sequences individually determined through Sanger sequencing showed good agreement in genomic coverage at over
The draft genome of the fast-growing non-timber forest species moso bamboo (Phyllostachys heterocycla) l e t t e r s 88% of the initial contigs and 98% of the scaffolds ( Supplementary  Figs. 4,5 and Supplementary Tables 2-4) . The frequencies of singlebase differences and insertions and/or deletions (indels) in the alignment using BAC sequences were as low as 0.19 and 0.09 instances per kilobase, respectively, which were much lower than those determined for the SOAPdenovo assemblies ( Supplementary Fig. 6 and Supplementary Table 5) .
Alignment of all of the reads used to build the assembly identified 2,009,487 heterozygous SNPs and 51,223 short indels (6 nucleotides in length or less) (Supplementary Table 6 ). An overall heterozygous rate of the occurrence of SNPs and short indels was estimated at approximately 1.0 polymorphism per kilobase, which was lower than that (2.6 per kilobase) of the poplar genome 11 and that (4.2 per kilobase) of the grape genome 12 .
We predicted 31,987 protein-coding genes in the moso bamboo genome, with the support of RNA sequencing (RNA-seq) data (127 Gb) obtained from 7 bamboo tissues and 8,253 bamboo full-length cDNA sequences 2 Table 4 ).
Comparing gene families among the four grass subfamilies, including Pooideae (Brachypodium), Ehrhartoideae (rice), Panicoideae (maize, sorghum and foxtail millet) and Bambusoideae (moso bamboo), and two dicots (Arabidopsis thaliana and the woody plant poplar), we identified 21,730 bamboo genes in 14,030 families, with 9,451 gene families shared by maize, sorghum, rice and Brachypodium (Fig. 1b) . There were 492 unique gene families in bamboo, of which In comparative analysis of single-copy genes and gene families containing two to four gene members in moso bamboo and five other Poaceae plants, we found that the bamboo genome had the fewest single-member gene families, whereas it had the most two-member families among grasses (Supplementary Fig. 9 ). The timing of gene duplication events in grass genomes was estimated by calculating the synonymous substitution rate (K S ) and the divergence time between homologous genes within the two-member gene families in which only a single divergence might have occurred. The divergence within most gene clusters occurred around 7 to 12 million years ago in both the moso bamboo and maize genomes (Fig. 1c) , suggesting the occurrence of a putative whole-genome duplication event. The estimated time of the duplication at 11 to 15 million years ago in maize is consistent with the reported divergence time of two progenitor genomes at about 11.9 million years ago 14 , suggesting that there might have been a similar tetraploidization event during bamboo history. Investigation of collinear orthologs in bamboo and rice not only reinforced the occurrence of the whole-genome duplication event but also supported a tetraploid origin of bamboo, as the most recent whole-genome duplication was likely linked to polyploidy events 15 ( Supplementary Fig. 10a ). The divergence time of two progenitors was estimated at 7 to 15 million years ago (Supplementary Fig. 10b) , consistent with the divergence time estimated using two-member gene families. For other grass species, such as rice and sorghum, there was no obvious evidence of whole-genome duplication occurring later than the divergence time of grasses at 50 million years ago [16] [17] [18] [19] .
Using 968 one-to-one single-copy genes from the 5 fully sequenced grass genomes as well as the bamboo genome, we reconstructed a phylogenetic tree to show the relationships among four subfamilies: Panicoideae, Pooideae, Ehrhartoideae and Bambusoideae (Fig. 1d) . The analyzed grasses were divided into two sister groups, the BEP clade (Bambusoideae, Ehrhartoideae and Pooideae) and the Panicoideae clade, consistent with stated phylogeny and classification of grass subfamilies in early studies [20] [21] [22] . The tree supported the idea that the closest relationship exists between Brachypodium and bamboo, agreeing with the result from the analysis of chloroplast genome sequences 3 . The dN/dS value (the ratio of the rate of nonsynonymous substitution to the rate of synonymous substitution) of the bamboo lineage was the highest among the compared species, suggesting strong selection pressure on bamboo genes. The estimated times for the divergence of bamboo from Brachypodium, rice, foxtail millet, sorghum and maize were approximately 46.9, 48.6, 53.9, 58.5 and 64.6 million years ago, respectively (Fig. 1e, Supplementary  Fig. 11 and Supplementary Table 11) , indicating that the relationship between Brachypodium and bamboo was closer than that between rice and bamboo.
To investigate the evolutionary dynamics of the gene families, expansion and contraction were correlated with copy number. For Arabidopsis and six grass genomes, the number of gene families with gene contraction was greater than that of families with gene expansion, except in foxtail millet (Fig. 1d) . Variance of family sizes occurred in a large number of gene families in bamboo (Supplementary Table 12) . Gene families involved in the biosynthesis of carbohydrates, such as cellulose, glucan and sucrose, showed significant expansion in bamboo (P value < 0.01) relative to other grass species.
With alignment of the 30,379 gene models located on the largesized scaffolds (>50 kb in length) to the rice and sorghum gene models, we identified 1,617 rice-bamboo and 1,539 sorghumbamboo syntenic gene blocks, which consisted of 17,735 and 15,746 bamboo genes, respectively (Supplementary Table 13 ). The average gene number per block was approximately 11. The large number of syntenic blocks suggested good gene collinearity between bamboo and grass genomes (Fig. 1f) . Sequence comparison indicated that approximately 85% of the bamboo genes were aligned to rice or sorghum homologs. In analysis of gene collinearity between bamboo and rice, we identified 5,370 gene losses after the whole-genome duplication event, representing approximately 28% of the total genes in the collinear regions.
A recent proteomics study showed that many metabolic processes of cell wall structure were employed in the fast growth of bamboo culms 23 npg l e t t e r s the genes that might affect the formation of the cell wall structure. We detected 19 cellulose synthase (CesA) and 38 cellulose synthase-like (Csl) genes 24, 25 in the bamboo genome, representing nearly the highest copy number of these genes among the 7 sequenced plant genomes (Supplementary Table 14a ). A neighbor-joining tree showed seven recent duplications of the CesA genes ( Fig. 2a) and eight duplications of the Csl genes in bamboo after speciation (Fig. 2b) . The CesA, CslA and CslC gene families greatly expanded in the bamboo genome, similar to what was observed in the maize genome 26 . For CesA genes, the four most recent duplications were identified in the grass-specific clades B and G at 8.0 to 13.2 million years ago. Of the 15 CesA gene duplications, 9 occurred later than 20 million years ago (Fig. 2c) . Transcriptome analysis showed that the recently occurring duplicates of the CesA and Csl genes had relatively high expressional levels in the shoot (Fig. 2a,b and Supplementary Table 15 ). It was also found that there were few tandem duplicates in these recent duplicates, implying that the duplications might have resulted from large-scale chromosome reconstruction. We observed that the ancient duplicated genes had high expression in the root, leaf and rhizome (Fig. 2) . It was concluded that most of the duplications of the CesA and Csl genes were derived from whole-genome duplication, suggesting that tetraploidization was critical for the evolution of these genes.
To identify the genes involved in the biosynthesis of lignin, a structural component of the secondary cell wall, we investigated the analogous set of genes involved in the phenylpropanoid and lignin biosynthetic pathways 27, 28 (Supplementary Fig. 12c,d and Supplementary Table 14b ). The bamboo genome contained high copy numbers of HCT (hydroxycinnamoyl-CoA, shikimate/quinate) and CCR (cinnamoyl CoA reductase) genes, which were similar to those found in poplar. The estimated divergence time of bamboo CCR and HCT gene duplications was from 17.5 to 52.1 million years ago, earlier than the whole-genome duplication event. Both HCT and CCR family genes are key enzymes in catalyzing the conversion of phenylpropanoid pathway products into the material for lignin biosynthesis 27, 29 . Although the functions of bamboo CCR and HCT genes have not yet been identified, the duplicated copies might provide multiple pathways to channel phenylpropanoid metabolism into lignin biosynthesis.
The switch to flowering after a very long period of vegetative growth and the rapid growth of spring shoots are unique characteristics of bamboo. To compare gene expression between flowering and vegetative tissues, we collected flowering (panicle) and vegetative tissues from moso bamboo plants for RNA-seq data analysis. More than 600 bamboo genes were highly expressed in the 2 panicle tissues (with at least a 2-fold difference in the expression level in panicles relative to the levels in 5 vegetative tissues; Online Methods). Over 30% of the identified flowering genes could be categorized as transcription factor genes, heat shock protein genes or other stress-responsive genes ( Fig. 3a  and Supplementary Table 16) . The transcription factor genes that are homologs of OsMADS1, OsMADS2, OsMADS3 and OsMADS14 in rice 30 were determined to be involved in floral meristem identity (FMI), which converts the vegetative meristem to a flowering fate. However, the genes employed in typical flowering promotion pathways (such as those in the photoperiod, gibberellins, ambient-temperature or lightquality pathways) and floral pathway integrator (FPI) genes 31, 32 were not highly expressed in these floral tissues in bamboo. Repeat insertions were found in the genic or regulatory region of most homologs encoding CONSTANS (CO) 33 and FPI genes, which might result in low gene expression in floral tissues (Supplementary Tables 17 and 18) . The CO and FPI genes constitute the critical link between the flowering promotion pathways and the FMI in the flowering gene network. Low expression of CO and FPI genes and high expression of genes involved in FMI suggested that activation of FMI might not depend more on these known promotion pathways in bamboo flowering (Fig. 3b) . npg l e t t e r s
Contrasting with the expression pattern of flowering pathway genes, over 100 stress-responsive genes (15% of 600) showed high expression levels in panicles, being on average 11.1-fold more highly expressed in panicle tissues. Sequence alignment showed that a total of 70 bamboo genes shared high identity with known rice genes, which were mainly involved in the abscisic acid pathway, the ethylene-responsive pathway, sugar metabolism and the calcium-dependent signal transduction pathway, besides the FMI or FPI pathways (Supplementary Table 19) . Of these genes, 45 (65% of 70) were involved in the response to drought stress or to other correlative stresses (such as oxidative stress), and 10 (15%) were involved in flowering pathways. Some FMI-related genes and their upstream regulatory drought-responsive genes had been observed to have high expression during flowering ( Supplementary  Fig. 13) , suggesting a potential connection between severe drought stress and flowering (Fig. 3b) . It is noteworthy that the bamboo panicles were collected in southern China, where a severe drought occurred just 2 months before the collection of our samples. However, further experiments are necessary to identify the mechanisms underlying the activation of bamboo flowering. 
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Accession codes. Short-read sequencing data from this whole-genome shotgun project have been deposited at the European Molecular Biology Laboratory (EMBL) under the accession ERP001340. RNA-seq data have also been deposited at EMBL under accession ERP001341. Data from the Sanger sequencing of BACs were deposited at EMBL and GenBank under the accessions included in parentheses: B001E05 (FO203447), B001G05 (FO203436), B001I05 (FO203448), B001I13 (FO203437), B015M02 (FO203443), B019A14 (FO203439), B031C15 (FO203444) and B035L11 (FO203441). All bamboo data have been released at the official website of the National Center for Gene Research (http://www.ncgr.ac.cn/bamboo). The entire data set includes genome assemblies, BAC end sequences and annotation of genes and lists of repeat elements, heterozygous SNPs, tRNAs, miRNAs and gene clusters. The current version of the data set is the first version. Repeat annotation. A de novo repeat prediction for the moso bamboo genome was carried out by successively using RepeatModeler (version 1.0.3) and RepeatMasker (version 3.3.0) (see URLs). We first constructed a moso bamboo repeat library using RepeatModeler with default parameters. Two complementary programs, RECON and RepeatScout 56, 57 , were configured at the center of RepeatModeler and were employed in the identification of repeat family sequences in the genome. The consensus sequences for the families were manually examined by aligning them to the known Repbase transposable element library (version 16.0), and known gene and genome sequences downloaded from the NCBI database (nt and nr; released 9 September 2011). The moso bamboo transposable element library was composed of a total of 1,403 generated consensus sequences and their classification information, and the library was used to run RepeatMasker on the whole-genome assemblies. Full-length LTR retrotransposons were predicted using LTRharvest 58 and LTR_FINDER 59 .
